C8 is one of five complement proteins that assemble on bacterial membranes to form the lethal, pore-like "membrane attack complex" (MAC) of complement. The MAC consists of one C5b, C6, C7, and C8, and 12-18 molecules of C9. C8 is composed of three genetically distinct subunits, C8α, C8β and C8γ. The C6, C7, C8α, C8β and C9 proteins are homologous and together comprise the MAC family of proteins. All contain N-and C-terminal modules and a central 40-kDa MACPF domain that has a key role in forming the MAC pore. Here, we report the 2.5 Å resolution crystal structure of human C8 purified from blood. This is the first structure of a MAC family member and of a human MACPF-containing protein. The structure shows the modules in C8α and C8β are located on the periphery of C8 and not likely to interact with the target membrane. The C8γ subunit, a member of the lipocalin family of proteins that bind and transport small lipophilic molecules, shows no occupancy of its putative ligand binding site. C8α and C8β are related by a rotation of approximately 22º with only a small translational component along the rotation axis. Evolutionary arguments suggest the geometry of binding between these two subunits is similar to the arrangement of C9 molecules within the MAC pore. This leads to a model of the MAC that explains how C8-C9 and C9-C9 interactions could facilitate refolding and insertion of putative MACPF transmembrane β-hairpins to form a circular pore.
cytolysins (CDCs). Thus, the MACPF domain may also be referred to as the "MACPF/CDC" domain.
The mechanism of pore formation by CDCs is well understood (13) . 30-50 CDC monomers selfpolymerize on target membrane surfaces forming a circular pre-pore, which upon completion inserts into the membrane as a functional pore. This process involves a concerted major conformational change whereby two regions of each CDC monomer, which are in an α-helical conformation in the pre-pore state (14) , refold into an extended conformation and insert into the bilayer as two transmembrane β-hairpins (TMH). TMHs from neighboring molecules "share edges" of their β-hairpins to form a hydrogen-bonded β-barrel. Structural similarity between complement MACPF proteins and the CDCs suggests that complement uses a CDC-like mechanism for pore formation. Conservation of several key glycine residues known to be important for CDC refolding and pore formation supports this hypothesis (11, 13) .
C8 is unique among the MAC components and other MACPF proteins in that it is a heterotrimer composed of three genetically distinct subunits (15) . Strong noncovalent interactions mediate binding between the MACPF-containing C8α (NP_000553.1) and C8β (NP_000057.1) subunits whereas the lipocalin-like C8γ (NP_000597.2) subunit is associated via a disulfide link to C8α. This arrangement differs from the recently characterized bacterial MACPF proteins and perforin which, like the CDCs, are monomers. In this report, we describe the structure of human C8 determined at 2.5 Å resolution. This is the first complete structure of a MAC family protein and of a protein containing two tightly associated MACPF domains. The unusual geometric arrangement of the C8α and C8β subunits provides new insight into how MAC components may interact to form a circular pore.
Experimental Procedures
Protein purification and deglycosylation C8 was purified from human plasma Cohn fraction III (Bayer Corp., Clayton, NC) (16) . N-linked oligosaccharides were removed using Peptide: NGlycosidase F (PNGase F, New England Biolabs) in 50mM sodium phosphate, 135mM NaCl, pH 7.5. Released oligosaccharides and PNGase F were removed by gel filtration. Hemolytic activity of deglycosylated C8 (DC8) was measured as previously described and is shown in Fig. S3 (17) .
Protein crystallization
Initial crystallization conditions were determined by surveying results from the high-throughput screening facility at Hauptman-Woodward Medical Research Institute, Inc. (Buffalo, NY) (18) . DC8 was concentrated to 4-6 mg/mL in 25 mM imidazole, 135 mM NaCl, pH 7.4 and crystallized at 23°C by hanging-drop vapor diffusion using 14-16% polyethylene glycol 4000, 0.10 M TAPS, 400 mM NaCl, 10 mM SrCl 2 , pH 9.0 as the precipitant solution. Crystals were flash-frozen at 100 K in a mixture of 16% (v/v) ethylene glycol and 84% (v/v) precipitant solution.
Structure determination and refinement Data were collected at 100 K on beamline 22-ID of the SER CAT at the APS, Argonne National Laboratory, and processed with HKL-2000 (19) . Crystals were prone to decay and a strategy to cover the asymmetric part of the reciprocal space with minimum exposure was used. The initial model was obtained by molecular replacement using Phaser software (20) from the CCP4 suit of programs (21) . The following fragments were fitted in this sequence: 1) the MACPF domain of C8α; 2) C8γ; 3) homology model of the upper subdomain of C8β. These fragments were derived from the αMACPF-γ structure (PDB entry 2RD7) (11) . This model constituted about 60% of the scattering power. An extensive search for heavy atom derivatives was not successful. Therefore the remaining residues were built to electron density maps phased with partial structures in an iterative process using Turbo (22) and Coot (23) for molecular graphics and CNS (24) and Refmac5 (25) for crystallographic refinements. Previous high resolution analysis of C8γ showed internal water molecules in the lipocalin cavity (26) . These molecules are observed in C8 electron density maps but only at 0.6 σ level. Thus it appears that the noise level in the final maps is quite high and therefore no solvent structure was included. The final model reports 1149 residues out of 1274. Relevant statistics are in Table 1 . The initial homology model for the upper part of C8β and the homology model of C9 were constructed using Turbo (22) . Superpositions were calculated using Lsqkab software (27) . Accessible surface calculations were carried out with PISA website (28) . Ribbon representations were generated using Molscript (29) and Raster3D (30) . Fig. 3B, Fig.  S4, Fig. S5 , and Fig. S6 were prepared using Turbo (22) . Fig. 2 and Fig. 5C were prepared using PyMOL (31) .
RESULTS

Structure of C8
The C8 structure is shown in Fig. 1A . C8α and C8β have similar folds as predicted by 32% amino acid sequence identity. The sequence of C9 is 27% and 26% identical to the corresponding regions of C8α and C8β, respectively, thus C9 likely has a similar fold. The central part of the C8α and C8β MACPF domains form large, four-stranded, antiparallel β-sheets with a bend and twist in the middle, which gives them a "Γ" shape (Fig. 1B) . Their lower part is flanked by two α-helical bundles that are predicted to refold and form two TMHs during MAC formation. Together with another helix they form the "lower" MACPF subdomain. The upper part of the sheet and helices surrounding it forms the "upper" subdomain, which makes contacts with the modules, and most likely with other MAC proteins.
The relative positions of the C8α and C8β MACPF domains differ as a result of a different bend and twist in their central β-sheets. The upper MACPF subdomains form very thin, tabular structures tightly packed together with the β-sheets facing one another ( Fig. 2 and Fig. S4 ). These interactions are likely responsible for the strong binding between C8α and C8β. The lower subdomains differ in that the sheets are not facing one another but are nearly coplanar; a small gap between them shows no edge sharing. Separation of the lower subdomains could facilitate refolding of the TMHs during insertion into membranes. The tightly packed upper subdomains are unlikely to change their relative position and may have a role in directing and maintaining the circular shape of the pore.
In CDCs, during transition from pre-pore to pore, the bend in the central β-sheet is reduced, the sheet changes from the "Γ" shape to a "﴾" shape, and the TMHs refold from an α-helical to an extended conformation, thus elongating the central β-sheet and allowing insertion of THMs into the membrane (13) . This transition requires a large movement between the upper and lower subdomains and is thought to be facilitated by four glycines located at the bend of the central β-sheets (Fig. 3) . These residues are conserved in C8α and C8β and likely have a similar role in refolding of the MACPF domains.
N-and C-Terminal Modules
C8α and C8β each contain four modules. These are not essential for C8 activity as the C8α MACPF domain alone can bind C8β, C8γ and C9 to form a MAC that has reduced but significant lytic activity (32) . The C8β MACPF domain likewise can bind C8α-γ and express C8 activity (33) . The modules constitute about a third of the length of C8α and C8β and are located on the periphery of the structure.
The N-terminal TSP1 modules of C8α and C8β form three-stranded, antiparallel domains which are similar to one another and to homologous modules found in other proteins. In C8α, the central part of the module forms a ladder-like array of side chains L11-R31-W14-R29-W17-K27 clamped by two disulfides. In C8β, the array is L13-A33-W16-R31-W19-R29. Replacement of the first arginine with an alanine creates a fairly large hydrophobic cavity enclosed by L13, W16, and F48. An electron density feature within the cavity indicates the presence of a bound ligand (Fig. S5 ). The pattern of disulfide bridges is the same in C8α and C8β and is analogous to that reported for F-spondin (34) . Surprisingly, this pattern (9-44, 20-54, 28-60 in C8α; 11-46, 22-56, 25-62 in C8β) is different from that reported for C9 (35) . The four cysteines with altered disulfide bond connectivity are conserved between C8α, C8β and C9; however, they are fairly close one to another and the connectivity proposed for C9 may not require an unlikely change of the overall TSP1 fold.
The low density lipoprotein receptor (LDLRA) domains are located on the top of C8α and C8β (Fig. 1) . They make contact with each other but not with the other modules. Each has a tightly wound Ca 2+ binding site with the metal ion in a regular octahedral coordination, as found in homologous domains in other proteins. In the structure of LDL-RAP complex (PDB code 2FCW) there are also two LDLRA domains in contact with each other, but their mode of interaction is entirely different.
Similarity of the C8α and C8β EGF domains to EGF protein is the lowest among the modules. The differences are greatest near the first disulfide where the position of the cysteine residues is not conserved, and the loops are quite different (Fig.  S6 ). The EGF domains appear to be more compact and less flexible in C8 than in EGF, as judged by a greater similarity between C8α and C8β EGF domains (r.m.s. displacement of 1.7 Å, based on C  atoms of 30 residues) than between two copies of EGF proteins in the unit cell in their crystal structure (r.m.s. displacement of 3.3 Å; based on C  atoms of 24 residues) (36) . The pattern of disulfide bonds agrees with those in C9 with an additional bond present between C467 and C514 in C8α and C449 and C498 in C8β.
The C-terminal TSP1 domains, which are on the periphery of C8, have relatively poor density, especially in C8α. There are only two pairs of intradomain disulfide bonds; their pattern could not be positively established due to disorder, but in C8β the connection C503-C536 (and by default C514-C526) appears likely because of the residues proximity.
Posttranslational Modifications
An infrequent modification of proteins is the covalent attachment of a mannopyranosyl moiety to Cδ1 of tryptophan via a C-C bond. NMR studies of a peptide derived from mannosylated human RNase indicated that an α-mannopyranose is attached (37) . However, thus far there is no reported crystal structure of a peptide or protein containing a mannosyltryptophan. All TSP1 domains present in C6, C7, C8 and C9 have some tryptophan residues mannosylated (6) . In C8α, the N-and C-terminal TSP1 domains have respectively 1 and 3 tryptophans modified whereas the C8β domains each have 2. Electron density maps confirmed the presence of mannopyranosyl moieties at the expected positions. The mannosyltryptophan residues from both modules cluster together (Fig.  4A) . Interestingly, one of the corresponding densities is excellent and shows that a better fit can be obtained using a β-rather than α-mannosyl substituent (Fig. 4B) . A previously identified single phosphorylation site on C8β T364 is located at the end of the TMH2 region (38) . The N-linked carbohydrates in C8 used for crystallization were enzymatically removed. Potential glycosylation sites are all on the surface and electron density maps suggest that removal was complete.
Structure of C8γ
The structure of C8γ within C8 is very similar to that determined for C8γ alone (26) . In C8α, the binding site for C8γ includes a 19-residue insertion (indel) within the MACPF domain. This segment also contains C8α C164 that covalently links to C8γ C40 (39) . C8γ is a member of the lipocalin family of proteins that display a β-barrel fold that forms a binding pocket for a small, generally hydrophobic ligand (40) . The existence of a natural smallmolecule ligand for C8γ has not been established and inspection of the binding cavity in C8 does not show electron density for a ligand. Also, the entrance to the cavity is covered by the tightly bound "indel" portion of C8α making it unlikely that a ligand was removed during the purification process. Since C8 was purified from blood, it appears that C8γ does not normally carry a physiologically relevant small molecule.
Subunit interfaces
Analysis of contacts between subunits indicates that residues buried upon C8α -C8β dimer formation constitute 10% of each subunit's surface. Trimer formation buries an additional 4% of C8α surface and 12% of C8surface. There is no contact between C8β and C8. Almost all contacts between C8γ and C8α are through the indel. When contacts are defined as distances < 4.0 Å for hydrophobic side chains and < 3.5 Å for hydrophilic side chains, 30 residues from C8α forms contacts with 28 residues from C8β. The interface is quite hydrophilic with 27 residues charged, 20 polar and 10 hydrophobic. The most evolutionary distant sequence is for C8α from nurse shark. This protein is 44% identical to human C8α with 50% of the contact residues conserved. Three contact residues are identical in human C8α, C8β, and C9; an additional 14 are conserved in two of the three proteins.
Model of the MAC Pore
Although the structure of C8 is of a pair of MACPF proteins in a "non-pore" state, the unusual geometrical relationship between the C8α and C8β subunits has important functional implications regarding MAC assembly. Most frequently, homodimeric proteins are related by a 180° rotation. In contrast, C8α and C8β are related by a rotation of 22°, while the translation between their centers is almost perpendicular to the rotation axis, resulting in only a small (1.6 Å) translational component parallel to the rotation axis. It is well established that C8 mediates the binding and incorporation of C9 into the MAC, and that this involves a specific C9 binding site located within the C8α MACPF domain (32) . Assuming the modes of binding between C9 and C8α and between C9 and C9 are similar to that between C8α and C8β, with no translational component, we constructed a model for the C8-C9 complex. To do this, a homology model of C9 was generated based on the structure of C8α and rotated (approximately 22°) according to the geometrical relationship between C8α and C8β. Rotations of the C9 model by multiplicities of 22° yielded the positions of further C9 molecules and resulted in a model for the circular MAC pore (Fig. 5 ). This pore model contains 16 molecules per ring, which is in excellent agreement with low resolution EM studies of pores formed by polyC9 and the MAC (3, 42) .
Comparison of C8 and perforin structures
A comparison of C8 to the recently reported mouse perforin structure (PDB code 3NSJ) (12) reveals that their similarity is limited to the MACPF/CDC domains (Fig. 6) . The location of the EGF domain, which is the only module present in both proteins, is very different and suggests different roles for this module. Also, the position of C8γ does not correspond to that of the membrane interacting C2 domain of perforin. The amino acid sequence identity of the combined MACPF + EGF domains of C8α and perforin is 21%.
Discussion
Our proposed model for MAC formation assumes conservation of binding geometry between MAC components. It is generally accepted that the MAC family proteins evolved from an ancestral, preperforin cytolysin (43) . This interpretation is consistent with amino acid sequence analyses and suggests that the first components in the contemporary MAC assembly pathway (i.e. C6, C7) appeared later in complement evolution (44) . This concept is in agreement with the hypothesis put forward by Horowitz for metabolic pathways (45) . He proposed a retrograde model, with the last enzyme in a pathway (equivalent to C9) appearing first. He later extended this hypothesis by proposing that consecutive enzymes within a pathway are evolutionarily related (46) . His rationale was that enzymes, especially those catalyzing reversible reactions, must bind both the substrate and product; thus an emerging enzyme would already have substrate binding function and only new catalytic machinery would need to evolve. It became apparent that his later hypothesis is only occasionally true since during pathway development, recruitment of enzymes with appropriate catalytic function, rather than substrate binding function, was much more frequent (47) . For instance, in the glycolytic pathway pyruvate kinase and enolase, which both bind pyruvate, are the only consecutive enzymes that are evolutionary related (48). Horowitz's concepts appear to be entirely applicable to the evolution of proteins involved in MAC formation because regulatory rather than novel catalytic functions were added as complement evolved. The functions of the ancestral lysin, from which complement evolved, included selfoligomerization. The oligomerization function is conserved in contemporary terminal complement proteins, as C9 binds to C8α, C8α to C8β, etc. Thus, the mode of binding observed between C8α and C8β should reflect that between the ancestral complement/lysin molecules and consequently that between contemporary molecules of the MAC.
There is currently no experimental evidence for formation of a pre-pore or insertion of putative TMHs by the MAC proteins. The latter is assumed to occur because of structural similarity between the complement MACPF proteins and CDCs. Efficient membrane lysis by complement requires incorporation of multiple C9 molecules into the MAC in the final step. Although no organized pore or ring-like structure has been observed for the intermediate C5b-8 complex, C5b-8 at high concentrations can partially disrupt the membrane of simple target cells such as heterologous erythrocytes (49) . Photolabeling studies using membrane-restricted probes identified C8α as the major C5b-8 component inserted in the membrane under these conditions (50) . This finding is consistent with sequences of the putative TMH regions of the MAC proteins, which show that the most hydrophobic TMHs are those of C8α (11) . Upon formation of C5b-8, these C8α regions would likely be the first to form transmembrane hairpins since interactions between their hydrophobic side chains and membrane lipid could overcome the energy deficit of unsatisfied hydrogen bonding at the open edges of the hairpins. The hydrogen bonding capability at the edges of the C8α hairpins could then become the driving force for membrane insertion of the more hydrophilic TMHs from C9. For effective pore formation, hairpins must have partially hydrophilic character to enable migration of water along the pore inner wall and to repel membrane lipid. Divergent evolution of C9 and C8α may have enabled their functions to be separated. Initial membrane penetration by the very hydrophobic TMHs of C8α could facilitate insertion of the less hydrophobic, pore forming TMHs of C9, thereby creating a highly controlled yet efficient system for pore formation.
There is considerable similarity between the structures of perforin and the C8α and C8β subunits, however there is a significant difference between the intermolecular arrangement proposed for the perforin pore and that suggested by our model of the MAC. Based on EM studies, it was proposed the MACPF/CDC domains within perforin pores (12) have an opposite orientation than in CDC pores (51) . A longitudinal cut through the pore cylinder can be schematically represented by "( )" for the perforin pore and ") (" for CDC pores, where the curvature refers to the central β-sheets and the space between them the pore opening. The model for the MAC pore based on C8α/C8β orientation within C8 is ") (" and agrees with the model of the CDC pore rather than the perforin pore. The evolutionary distance between perforin and C8 is significantly smaller than between perforin and CDCs. Thus, the concept that during evolution the function (cell lysis) and structure (MACPF/CDC domain) were conserved while the intermolecular binding mode, crucial for pore self-assembly, was changed is quite revolutionary.
Potential harm to "self" cells by activated complement is under the control of an array of proteins. MAC formation itself is regulated through interaction with CD59, a widely distributed, membrane-anchored glycoprotein that binds to C8α and C9 and thereby restricts MAC assembly and function. Earlier studies showed the CD59 binding site in C8α is within a segment defined by residues 334-385 in TMH2 (52) . More recently, it was suggested the binding site lies within residues 350-355 (53). In the C8 structure, these residues are in an extended conformation and link the C-terminus of the C8α S339-L350 α-helix to disordered loop E355-H368 (Fig. 5A, Fig.  S7 ). The residues are in the vicinity of C8β and not accessible. This is consistent with the observation that in solution C8 and C9 do not bind CD59 unless they are partially unfolded (54) . Apparently, partial refolding of C8α TMH2 occurs as C8 binds to C5b-7 and this allows CD59 to bind. This interaction would restrict further refolding and insertion into the membrane. If so, membrane insertion of the TMHs must be significantly slower than CD59 binding, otherwise complement inhibition by this process would not work. It can be further speculated that inhibition of MAC formation would be most efficient if CD59 binding interferes with C9 recruitment. For this to occur, the C9 binding site must fully form only if C8α TMH refolding progresses beyond the state in which CD59 binding takes place.
The structure of C8 shows that the location of C8γ with respect to C8α is very different from that observed in the αMACPF-γ structure (11) . Apparently, in the absence of C8β, a hydrophobic surface of αMACPF is exposed and C8γ being linked by the flexible indel is able to migrate and bind to that surface. This differs from the C8 structure in that binding between C8α and C8γ is mediated primarily by the indel (Fig. S8) . In our MAC model (Fig. 5) , C8γ extends out into the pore, partially interacting not only with C8α but also C9. It does not appear to extend down to the membrane surface, in agreement with previous data suggesting it is located on the periphery of the MAC (50, 55) . Also, C8γ does not bind Ca 2+ and although the surface directed towards the membrane is mostly hydrophilic it does not contain arginine or lysine residues that typically interact with bilayer phosphates. In our model, C9 appears to make contact with C8γ. This may lead to a more efficient recruitment of the first C9 molecule, which could explain why C8γ significantly enhances hemolytic and bactericidal activity when added to a noncovalent C8α + C8β complex (17, 56) . The presence in shark C8α of an indel segment with a conserved C164 suggests C8γ appeared early in complement evolution (44) .
In summary, the oligomeric nature of C8 allowed us to extend its crystal structure into an atomic model of the MAC. Structure-function analysis of the model yielded new insights into the final steps of pore formation by complement and the mechanism of its inhibition by CD59. The LDLRA domain is violet, EGF is lavender, N-terminal TSP1 is malachite, and C-terminal TSP1 is green. The upper and lower MACPF subdomains are identified with frames. Fig. 2 . Features of the C8α and C8β MACPF domains. Surface of the C8 molecule. β-sheets of the C8α (red) and C8β (blue) MACPF domains are shown as stick models. This view shows "fanning out" of the MACPF subdomains. The upper part likely forms the outer or extracellular part of the pore. The lower part spreads out making the base wider. A stereo version is available online (Fig. S4) . (Fig. S7). (B) Partial model of the MAC. View is of the side facing the membrane. Proteins are colored C6 (cyan), C7 (pink), C8β (blue), C8α (red), C8γ (green), and C9 (gold). Absent are C5b, the CCP and FIM modules of C6 and C7, and the additional Nterminal TSP1 module in C6, the locations of which could not be predicted. Current evidence suggests C5b binds to the C7 FIMs (41) ; it is assumed the other missing components do not interfere with circular packing of the MACPF domains. The inner diameter of the ring is 110 Å with 80 Å between the protruding loops. The outer diameter is ~ 220 Å and the height is 90 Å. This agrees well with EM images of pores formed by polyC9, which generally have dimensions of ~ 100 Å and 210 Å for the inner and outer diameters, respectively (42) . (C) The molecular envelope of the model shown in (B) with modules in red and MACPF domains in gold. View is of the side facing away from the membrane. The modules account for a substantial fraction of the surface. It can be speculated that they may partially protect the MACPF domains from proteolytic factors at sites of inflammation as they contain multiple disulfides and carbohydrates. Fig. 6 . Comparison of C8 and perforin structures. C8 is in heavy colors and perforin in light colors. C8γ is in green, C8β is omitted. The MACPF/CDC domains are in blue, EGF domains in purple, remaining domains in brown. The putative membrane location would be horizontal and below the models. 
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